In order to clarify the effect of the addition of Co to Sn-Ag solder on the interfacial reaction between solder and metals, the reaction between solder and metals, such as plated Fe and Cu, has been investigated. Sn-3.5 mass%Ag-xCo solders (x ¼ 0, 0.1, 0.3, 0.5 and 1.0 mass%) was specially prepared in this study. A reaction test between the solders and plated iron was performed at 723 K for 32.4 ks by using an oven in a normal air to mainly investigate the effect of the addition of Co to solder on the dissolution thickness of plated iron. And then a reaction test between solder and a Cu substrate was carried out to investigate the effect of the addition of Co to solder on the wettability of solder and the formation of intermetallic compound at the interface. For the reflow process, specimens were heated in a radiation furnace at 523 K for 60 s and, for the aging process, some specimens were heat-treated in an oil bath at 423 K for 168 h and 504 h. As a result of the reaction test between the solder and plated iron, it was found that the addition of Co to Sn-3.5Ag solder was certainly effective to reduce the dissolution thickness of plated iron. Then as a result of the reaction test using Cu substrate, it was clear that there was little effect of the addition of Co on the wettability of solder and Sn-3.5Ag solder added minor Co was certainly effective to reduce the growth rate of the intermetallic compound at the aging process.
Introduction
Soldering is widely used to connect electronic devices to printed circuit boards and Sn-Pb eutectic solder has been widely used for soldering applications in the microelectronic packaging for a long time. However EU RoHS directive will prohibit lead and five other materials from being used in electrical and electric equipment from July 1, 2006.
1) Sn-Pb eutectic solder have began to be replaced by lead-free solder and the use of lead-free solder is expanding widely in the world. Some different solder alloy systems, such as Sn-Ag, Sn-Cu, Sn-Zn and Sn-Bi, have been proposed as the potential lead-free solder. 2, 3) In the present situation, the Sn-Ag family solders such as Sn-3.5Ag and Sn-3.0Ag-0.5Cu are generally recognized as the most promising leadfee solders for both wave and reflow soldering.
In order to develop lead-free soldering technology, considerable researches into characteristics of lead-free solder such as the microstructure, mechanical properties and interfacial reactions are in progress. [4] [5] [6] [7] [8] [9] [10] [11] Especially, much research on Sn-Ag and Sn-Ag-Cu system solders has been carried out, and interfacial reactions between the solder and the substrate have been examined to obtain an understanding of their inter-reaction. Recently the high reaction rate of metals in molten lead-free solders, that is the high dissolution rate of metals in molten solders, is pointed out as the basic characteristics of lead-free solder and, however, the dissolution characteristics of metals in molten lead-free solders are not sufficiently clarified. Especially there is a little report and information concerning the dissolution rates of iron and steel alloys into molten solder and the interfacial reactions between lead-free solder and iron, because iron and steel alloys are not commonly soldered materials. For example, Takemoto et al. 12) showed that the dissolution of iron in molten solder does occur and the dissolution rate of iron in lead-free solders are greater than that in the conventional SnPb eutectic solder.
The dissolution of iron and stainless steel during soldering is an important problem for manufacturing facilities, such as solder bath and soldering iron. Regarding the tip of the soldering iron, plated iron usually protects the underlying copper from the dissolution by molten solders. The high dissolution rate for plated iron is severe problem, not only to facilitate manual lead-free soldering, but also to extend the lifetime of the soldering-iron tip. Actually the lifetime of the tip is reduced by the dissolution of plated iron in contact with molten lead-free solder. Therefore it is important to research into inhibiting the dissolution of plated iron and steel alloys into molten solder. Nishikawa et al. 13) investigated the reaction between Sn-Ag-Cu solder and plated iron to revel the effect of iron-plating conditions on reactions in molten solder. As a result, it was clear that the dissolution of plated iron into molten lead-free solder was largely attributable to the grain size of the plated surface and the dissolution rate decreased with the increase in the grain size. Takemoto et al. 12) investigated the dissolution characteristics of iron in some molten lead-free solders and it was found that adding Fe to Sn-3.5Ag solder effectively reduces the dissolution of iron. However, the level of iron is strictly limited by solder standards (ISO9453, 2000) to no more than 0.02 mass per cent. Concerning the addition of minor element to lead-free solder, the effect of minor elements such as In, Ni and Co has been explored to improve the properties of solder and interfacial reactions. [14] [15] [16] [17] [18] For example, Choi et al. studied the effect of the addition of In on binary eutectic Sn-Ag solder. They reported that the microstructure of the solder and the morphology of secondary phases in the solder matrix changed accordingly. 14) In this study, the reaction between Sn-Ag solder added Co and metals such as plated iron and Cu was investigated in order to mainly clarify the effect of the addition of Co to SnAg solder on the dissolution of plated iron and the formation of intermetallic compound with a Cu substrate. 
Experiments
Two tests were performed in this study to clarify the effect of the addition of Co to Sn-3.5 mass%Ag solder on the dissolution of plated iron and the reaction between the solder and a Cu substrate. One was a reaction test between the solder and plated iron. The other was a reaction test between the solder and Cu substrate. For both tests, binary Sn-3.5 mass% Ag solder was used as the basic solder and, as the solder added Co, ternary Sn-3.5 mass%Ag-xCo solders (x ¼ 0:1, 0.3, 0.5 and 1.0 mass%) were prepared. The solder was a solid wire with diameter of 1.0 mm. Figure 1 shows experimental procedure of the reaction test between the solder and plated iron to examine the dissolution of plated iron into solder. Iron-plated copper plate, which was made by electroplating iron onto an oxygen-free copper substrate (23 mm Â 23 mm Â 0:5 mm), was used as the test specimen. The thickness of plated iron was about 300 mm. The specimens were polished with sandpaper to smooth the surface and then rinsed with acetone. Solder wire (0.3 g) was placed on the specimen and activated flux (0.03 mL) was dropped on the specimen. Then the test piece was put into an oven in a normal air. The holding temperature was 723 K and the holding time was 32.4 ks. Then the specimens were cut and cross-sections were polished to observe the interface between the solder and plated iron and to measure the dissolution thickness of plated iron. The dissolution thickness was defined as shown in Fig. 2 . The surface of the unsoldered plated iron was a reference line and the thickness of the intermetallic compound (IMC) below the original plated surface was defined as the dissolution thickness. Optical microscope was used to observe the interface between solder and plated iron and to measure the dissolution thickness of plated iron. Electron probe microanalysis (EPMA) was applied to determine the composition of the IMC.
For the reaction test between solder and a Cu substrate, phosphorous-deoxidized copper (30 mm Â 30 mm Â 0:3 mmt) was prepared as a Cu substrate. After the Cu substrate was immersed in 4%HCl solution for 120 s and was rinsed with acetone, solder (0.3 g) was put on the center of the substrate and activated flux (0.03 mL) was dropped on the specimen. As the reflow process, the specimen was put into a radiation furnace in a nitrogen atmosphere and heated according to the temperature rise profile shown in Fig. 3 . The reflow temperature was 523 K and the reflow time was 60 s. As the aging process after reflow process, some specimens were heat-treated in an oil bath at 423 K for 168 and 504 h. Then the specimen was cut and the cross-section of the specimen was polished to observe the interface between solder and substrate. Scanning electron micrograph (SEM) was used to observe the interface between the solder and Cu substrate and optical microscope was used to observe the microstructure of solder reacted with Cu substrate and to measure the IMC thickness at the interface.
Results and Discussion

Dissolution of plated iron
A reaction test between solder and plated iron at 723 K for 32.4 ks was performed to investigate the effect of the addition of Co to Sn-3.5Ag solder on the dissolution of plated iron in solder. Figure 4 shows optical microscope images of intermetallic compound (IMC) at the interface. Figure 4 (a) shows typical IMC for binary Sn-3.5Ag solder and Fig. 4(b) shows typical IMC for Sn-3.5Ag-0.5Co solder. In these figures, the upper, bottom and middle materials are respectively solder, plated iron, and IMC layer. The thick IMC layer was formed at the interface for both solders. In the case of Sn-3.5Ag-0.5Co solder, the morphology of the IMC layer was a little complicated when compared to the case of binary Sn-3.5Ag solder. Similar results were found for all the other solders added Co. It is clear that there is little effect of the addition of Co on the IMC formation between solder and plated iron at 723 K for 32.4 ks.
In order to determine the composition of the IMC layer Interfacial Reaction between Sn-Ag-Co Solder and Metalsbetween the solder added Co and plated iron, an electron probe microanalyzer (EPMA) analysis was performed. Table 1 shows the result of the quantitative EPMA analysis of IMC layer using Sn-3.5Ag solder and Sn-3.5Ag-0.3Co solder. In the case of binary Sn-3.5Ag solder, it was found that the IMC of FeSn 2 was formed at the interface. In the case of Sn-3.5Ag-0.3Co solder, it was clear that the IMC layer was composed of Sn, Co and Fe and was likely to be expressed as (Fe 1Ày ,Co y )Sn 2 . Similar results were found for all the other solders added Co. Figure 5 shows the effect of the addition of Co to Sn-3.5Ag solder on the dissolution thickness of plated iron as defined in Fig. 2 . The dissolution thickness for Sn-3.5Ag solder added Co was thinner than that for Sn-3.5Ag solder. For example, the dissolution thickness for Sn-3.5Ag-0.1Co solder is less than two thirds of that for Sn-3.5Ag solder. The dissolution thickness for Sn-3.5Ag-xCo solder was clearly reduced regardless of Co content. The dissolution thickness for solder added Co tends to decrease with increasing of the Co content in solder. Similar result was obtained earlier in dissolution test of iron wire into Sn-3.5Ag solder added Fe.
12)
The Sn-3.5Ag solder with a small amount of Fe added drastically reduced the dissolution rate of iron wire. The dissolution rates of solid metals in molten metals are usually expressed as follows, 19, 20) dC=dt ¼ KðA=VÞðC s À CÞ where C is the concentration of solution in liquid after reaction time t, K is a constant, A is the interface area between solid and liquid, V is the volume of liquid and C s is the saturation concentration of solution in liquid.
The parameters A and V are constants because they are related to the specimen size. Therefore the concentration difference (C s À C) is considered to be the driving force for dissolution. In the case of the dissolution of Fe, the driving force for dissolution (C s À C) decreases when Fe is added in solder in advance. The addition of a small amount of Fe suppresses the dissolution of Fe. In this study, it is considered that Co plays a similar role with Fe. It was found that adding Co to Sn-3.5Ag solder is certainly effective to reduce the dissolution thickness of plated iron.
Reaction with Cu substrate
Adding Co to solder effectively reduces the dissolution of plated iron. On the other hand, for soldering, it is very important for solder to estimate the reaction with a Cu substrate. The reaction between Sn-Ag-Co solder and a Cu substrate was investigated to clarify the effect of the addition of Co to solder on the wettability, the microstructure of solder reacted with a Cu substrate and the formation of the IMC at the interface. In the first step, the wettability was evaluated by a spread area on a Cu substrate just after reflow process at 523 K for 60 s. Figure 6 shows reaction test specimens measuring spread are. Appearances of test specimens are almost similar in all solders regardless of Co addition. Figure 7 shows the effect of the addition of Co to Sn-3.5Ag solder on spread area on a Cu substrate. The spread area of ternary Sn-3.5Ag-xCo solders seems to be slightly smaller than that of binary Sn-3.5Ag solder. It was clear that there was little effect of Co addition on the wettability of lead-free solders.
Optical microscopy images of solder reacted with a Cu substrate are shown in Fig. 8 . Figure 8(a) shows typical shows typical microstructure for Sn-3.5Ag-0.3Co solder. In the case of Sn-3.5Ag solder, the microstructure consists of two regions. White region was surrounded by gray region. By EPMA analysis, it was confirmed that white region was primary-Sn grain and gray region was eutectic structure consisted of Sn, Ag and Cu. In the case of Sn-3.5Ag-0.3Co solder, the grain size of the white grain became bigger as a whole when compared to Sn-3.5Ag solder. And, by EPMA analysis, it was found that IMCs containing Co were formed as shown in Fig. 8(b) . Especially there were many IMCs containing Co near Cu substrate. The microstructure of Sn-3.5Ag solder added Co became complicated. Figure 9 shows the SEM images of the interface between solder and Cu substrate just after reflow process and after aging process at 423 K for 504 h. The reflow temperature was 523 K and the reflow time was 60 s. The interface for Sn-3.5Ag solder and Sn-3.5Ag-1.0Co solder were shown in this figure. The IMC formation at the interface for Sn-3.5Ag-1.0Co solder was quite different from that for binary Sn-3.5Ag solder. Just after reflow process, in the case of Sn-3.5Ag solder, the IMC layer had like scallop morphology. After aging process for 504 h, the morphology of the IMC layer became smooth. The growth of the second layer was found at the interface between Cu substrate and the first layer. On the other hand in the case of Sn-3.5Ag-1.0Co solder, just after reflow process, some solders were contained in the IMC layer and the flat IMC layer was relatively formed at the interface. After aging process, solders inside the IMC layer decreased and tended to disappear. The growth of the second layer was found at the interface and the thickness was thinner than that for Sn-3.5Ag solder. Table 2 shows the result of the quantitative EPMA analysis of IMC layer just after reflow process using Sn-3.5Ag solder and Sn-3.5Ag-1.0Co solder. For Sn-3.5Ag-1.0Co solder, two regions, outer region and inner region, were analyzed. The outer region is near solder and the inner Sn-3.5Ag
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Sn-3.5Ag-1.0Co 10mm Interfacial Reaction between Sn-Ag-Co Solder and Metalsregion is near Cu substrate. In the case of binary Sn-3.5Ag solder, it was found that the IMC of Cu 6 Sn 5 was formed at the interface. In the case of Sn-3.5Ag-1.0Co solder, the IMC layer contains Co and Co was enriched especially at the outer region of the IMC layer. Both layers were composed of Sn, Co and Cu and were likely to be expressed as (Cu 1Àz ,Co z ) 6 Sn 5 . Similar results were found for all the other solders added Co. Figure 10 shows the effect of the addition of Co to solder on the IMC thickness after reflow at 523 K for 60 s. It was clear that the IMC thickness for solder added Co dramatically increased regardless of Co content when compared with that of binary Sn-3.5Ag solder. The IMC thicknesses for Sn-3.5Ag-xCo solders are almost 3 times greater than that for Sn-3.5Ag solder. Adding Co to solder enhances the IMC formation at the reflow process. Figure 11 shows the schematic illustration of the IMC between the solder and Cu substrate. For Sn-3.5Ag solder [ Fig. 11(a) ], in the reflow process, Cu that has dissolved into molten solder usually forms intermetallic compound (IMC) at the interface. The IMC layer is formed as typical scallop morphology of the Cu 6 Sn 5 phase. For Sn-3.5Ag-xCo solder [ Fig. 11(b) ], during the reflow process, Cu 6 Sn 5 phase is formed at the interface. At the same time, the IMC containing Co seems to be formed in molten solder, that is to say Co may works as an effective nucleation site for the IMC phase and the Co addition to Sn-3.5Ag solder appears to enhance the formation of the IMC phase in the solder. According to the previous work, 15) it has been pointed out that the solidification catalyst effect of Co promotes reduced undercooling and seems to enhance the nucleation site density for the Cu 6 Sn 5 phase. Then the IMC containing Co is deposited on the Cu 6 Sn 5 phase and Figure 12 shows the effect of aging time on the growth of IMC for the specimen reflowed at 523 K for 60 s. The aging temperature was 423 K. In all solders, the IMC layer grew with increasing aging time. However in the case of solder added Co, the growth rate of the IMC layer is extremely low when compared with the case of Sn-3.5Ag solder. After aging for 504 h, the IMC thicknesses in all solders are almost similar. Within this test, Sn-3.5Ag solder added minor Co was certainly effective to reduce the growth rate of IMC at the aging process.
Conclusion
The reaction between Sn-Ag solder added Co and metals such as plated iron and Cu was investigated in order to mainly clarify the effect of the addition of Co to Sn-Ag solder on the dissolution of plated iron and the formation of intermetallic compound (IMC) with a Cu substrate. The main results obtained in this study are summarized as follows.
(1) It was found that the addition of Co to Sn-3.5Ag solder was certainly effective to reduce the dissolution thickness of plated iron.
(2) There was little effect of the addition of Co to Sn-3.5Ag solder on the wettability of Sn-3.5Ag solder on a Cu substrate. (3) For the reaction between solder and a Cu substrate, in the case of Sn-Ag-Co solder, some solders were contained in the IMC layer and the flat IMC layer was relatively formed at the interface. (4) At the reflow process, the IMC thickness for solder added Co dramatically increased regardless of Co content when compared with that for binary Sn-3.5Ag solder. (5) Adding Co to Sn-3.5Ag solder was certainly effective to reduce the growth rate of the IMC at the aging process. Interfacial Reaction between Sn-Ag-Co Solder and Metals 2399
